ABSTRACT: The dependence of polymethacrylic acid adsorption on to two rutile samples of titanium dioxide on the adsorbent content in the system and the degree of neutralization of the macromolecules has been studied. A scheme for the adsorption and aggregation processes occurring under the experimental conditions employed has been proposed and a correlation between the extent of polyelectrolyte adsorption and the aggregation stability of the titanium dioxide suspensions established. The extent of adsorption decreased with increasing adsorbent content and this has been explained by the decrease in surface available for macromolecular adsorption. Such decreases can arise from coagulation processes as well as from incomplete redispersion of the titanium dioxide particles.
INTRODUCTION
The wide application of titanium dioxide in industry, e.g. as a filler in polymer composite materials, a paint base and as a component for electronic ceramics, requires its industrial forms to exhibit a wide variety of properties. However, the key problem which arises during the use of any industrial form of titanium dioxide is attaining complete redispersion of the powders to primary particles in liquid media and then stabilizing them and ensuring their uniform distribution in the bulk of the dispersion medium. For redispersion and stabilization in colloid systems, polyelectrolytes are commonly used.
The extent of polymer adsorption and the conformation of the adsorbed macromolecules on the solid surface determine the stabilizing effect of polyelectrolytes in aqueous colloidal systems. The ability of polyelectrolyte macromolecules to readily change their conformation as a result of the partial ionization of ionic groups leads to their wide application for the stabilization or destabilization 'First presented at the 3rd Polish-Ukrainian Symposium on Theoretical and Experimental Studies of Interfacial Phenomena . and their Technological Application. Lviv, Ukraine. 22-24 September 1998. of aqueous colloids. However, problems relating to the conformational transformation of macromolecules during their adsorption on to a solid surface and its relation to the stability of colloids have not been thoroughly investigated to date.
State-of-the-art instrumentation methods (IR spectroscopy, NMR and ESR spectroscopy, ellipsometry, small angle neutron scattering) allow one to determine the extent of adsorption, the adsorption layer thickness and the distribution of segments during adsorption of macromolecules on a plain solid surface (Kawaguchi and Takahashi 1992; Chakraborty and Tirrel 1996) . Chiefly, researchers have paid attention to the dependence of the adsorption layer thickness on the molecular weight of a polyelectrolyte and on the electrolyte concentration. It was found that the thickness of a sodium styrene sulphonate adsorption layer, t, was proportional to the molecular weight M: thus at the 8-point, t -MOs, and in good solvents t -MO.4 (Kawaguchi and Takahashi 1992) . Kawaguchi and Takahashi (1992) have shown that with increasing electrolyte concentration, C , the thickness of the adsorption layer decreases in accordance with the relationship t -C -02. Odbers and Sandberg (1995) have found that the thickness of an adsorption layer of a cationic polyelectrolyte on a negative charged surface increases upon addition of a low molecular weight electrolyte. Some authors (Siqueira et al. 1995; Filippov et al. 1995) have employed the ratio tlR. or R./R s ' where t is the adsorption layer thickness (found ellipsometricaily), R. is the radius of a macromolecule coil as determined from the area occupied by a macromolecule on a solid surface and R, is the root-mean-square radius of a macromolecule in a solution, for estimation of the structure of an adsorption layer.
However, these relationships cannot be used for the direct investigation of the effect of adsorbed macromolecules on the aggregation stability of colloids, because they do not take into account the influence of aggregation/disaggregation on the extent of adsorption. For the determination of adsorption on dispersed adsorbents, the methods mainly used are those based on the determination of the concentration of an adsorbate before and after adsorption in a given system together with hydrodynamic methods (Kawaguchi and Takahashi 1992) . These methods are less comprehensive than instrumental ones, but they enable a correlation to be established between the extent of adsorption on dispersed adsorbents and their aggregation stability.
The influence of aggregation processes on the adsorption has been discussed by Soltys and Yaremko ( 1996) , who have shown that an increase in the adsorbent content in an adsorption system may lead to a decrease in the adsorption of polyelectrolytes because the adsorbent particles can form aggregates. The DLVO theory of colloid stability states that particle aggregation may be associated with the presence of an energy barrier linked with the interaction of colloid particles (Derjaguin et al. 1985) . The adsorption of macromolecules can modify this barrier and eventually lead to the stabilization or flocculation ofthe colloids and, evidently, to the changes in the extent of adsorption. Many experimental studies present the dependence of polyelectrolyte adsorption on to dispersed adsorbents and the aggregation stability ofthe dispersion on the polyelectrolyte concentration but only few (La Mer 1966; Baran 1986; Pefferkom 1995) have established a quantitative relationship between these properties. Any advance in our knowledge of the role of polyelectrolytes in the stabilization/destabilization of colloids must rely on a knowledge of the relationships between the properties of aqueous solutions of polyelectrolytes, the adsorption of macromolecules on to dispersed adsorbents and the aggregation stability of adsorbents (Hesselink 1983) .
As a rule, with polyelectrolytes, the stabilization of colloids results from the formation of a polymer layer on an interface, the structure of the layer depending greatly on the diffusion rate of a macromolecule to the surface of the adsorbent during adsorption (Pefferkorn 1995) . Lipatov and co-workers (Lipatov et al. 1978 (Lipatov et al. , 1981 first demonstrated theoretically the dependence of the extent of adsorption on the ratio of the adsorption and adsorbent aggregation rates. This question was further studied by other workers (Yaremko et al. 1989; Kislenko et at. 1993) , but in these cases no account was taken of the possibility of incomplete redispersion of an adsorbent powder in an adsorption system leading to the formation of equilibrium aggregates. showed that the equilibrium degree of redispersion of powders in liquids depends on the volume fraction of the solid phase and the energy of interparticle interaction. The study of the adsorption of polymethacrylic acid on titanium dioxide confirmed the dependence of the adsorption on the adsorbent content in the system (Soltys and Yaremko 1996) , but a mechanism for the decrease in adsorption with an increase in the adsorbent content in the adsorption system has yet to be established.
THEORETICAL
The kinetics of the aggregation process occurring in polymer-containing systems are most rigorously described by a set of integral differential equations whose solution in the general case has as yet to be found (Yaremko et at. 1989) . It is clear that the primary process from the set of parallelconsecutive processes taking place upon addition of a polyelectrolyte solution to a colloid is the interaction ofthe macromolecules with the particles of the dispersed adsorbent. The effect of this interaction may vary from complete stabilization to complete destabilization of the colloids. Let us consider the effects of this interaction in accordance with the scheme depicted in Figure 1 with the aim of determining the role of polyelectrolytes in this process. The feature of the scheme that distinguishes it from others considered previously (Yaremko et at. 1989) is that in the initial stage the colloid system is seen to be partially aggregated or, alternatively, not redispersed to primary particles.
This feature envisages that, together with the elementary processes of stabilization (1) or flocculation (3), the processes of complete redispersion and stabilization (2) and of partial redispersion and stabilization (4) can also take place. The basic difference between elementary processes (2) and (4) is the way in which the macromolecules adsorb on the equilibrium colloidal particle aggregates. When a macromolecule adsorbs on a particle, the particle may leave an aggregate as a result of a charge increase on the particle. When a macromolecule adsorbs simultaneously on two or more particles which are part of an aggregate, these particles cannot separate when redispersion and stabilization take place. It should be noted that the four elementary processes depicted in Figure 1 rarely occur separately; generally, all of them take place in a system so that the
Figure 2. Possible schemes for the decrease in the extent of adsorption calculated per particle (shaded area) for particles of radius r during the formation of an adsorption layer of thickness h.
result of polyelectrolyte addition is determined by that elementary process whose contribution is the greatest. Two mechanisms are responsible for the decrease in surface area available for macromolecule adsorption: in the first, a particle covered with an adsorbed layer interacts with an uncovered particle (Scheme I in Figure 2) ; in the second, adsorption layers form on aggregates of adsorbent primary particles (Scheme 2 in Figure 2 ). As a result of Scheme I, all the adsorbent particles redisperse to primary particles at the beginning of the adsorption process. The particles are then covered by adsorbed macromolecules. Since macromolecules adsorb unevenly and simultaneously on the particles (Baran 1986 ), aggregation of particles via Scheme 1 is then possible with the decrease in adsorption volume per single contact between the particles being expressed as:
where Va is the adsorption volume associated with single particles which have one contact with other particles after adsorption has taken place on one of the pair and V o is the adsorption volume for particles which have had no contacts, respectively; h is the thickness of the adsorption layer; and r is the radius of the particles.
When the particles of an adsorbent only partially redisperse but not to primary particles so that equilibrium aggregates form, macromolecules can then adsorb on the aggregates and the decrease in adsorption volume per particle with one contact with another particle can be described by Scheme 2 of Figure 2 and be written as: (2) where V is the adsorption volume around a single particle which has undergone one contact before r macromolecular adsorption has occurred, i.e. is the result of only partial redispersion.
When the number of contacts between particles is more than one, then the decrease in the adsorption volume per particle is proportional to the number of contacts. The number of contacts in a randomly formed coagulation structure can fluctuate over broad ranges but is commonly six in real systems (Yaremko et af. 1997 ).
EXPERIMENTAL
Two samples of rutile-type titanium dioxide pigment were used in the present study, i.e. titanium dioxide powder without surface modification designated TiOz-1 (Sumy, Ukraine) with a mean particle diameter of 0.90 11m, and titanium dioxide powder with a modified surface designated TiO z-2 (DuPont Corporation) with a mean particle diameter of 0.23 urn. Aqueous suspensions of both samples were found to be unstable towards aggregation as the system was close to the point of zero charge (pH" = 5.9). The most probable radius of the particles found from sedimentation experiments ) was employed as a measure of the aggregation stability of the titanium dioxide suspensions upon addition of polymethacrylic acid.
Polymethacrylic acid samples of molecular weight 10 x 10 3 (PMAA-IO), 50 x 10 3 (PMAA-50), 120 x 10 3 (PMAA-120) and 250 x 10 3 (PMAA-250) were prepared by free-radical polymerization. Their average molecular weight was determined by viscometry.
For the adsorption experiments, a known amount of a titanium dioxide powder was mixed with a polyelectrolyte solution of given concentration, the system being stirred mechanically for 24 h to attain equilibrium. The extent of adsorption per gram of adsorbent was found from the difference in the polyelectrolyte concentration before and after adsorption using a technique described previously (Soltys and Yaremko 1996) . The required degree of neutralization of the carboxylic groups of the macromolecule was achieved by addition of the corresponding amount of potassium hydroxide solution. Values of the~-potential were determined by macroelectrophoretic experiments.
RESULTS
The adsorption isotherms obtained (Figure 3 ) are of type L2 according to the classification of Parfitt and Rochester (1983) , indicating a high affinity of the polymethacrylic acid for the surface of both samples of titanium dioxide. In this respect they are analogous to those obtained by Soltys and Yarernko (1996) , being of the Langmuir kind and reaching saturation for all molecular weights at a polyelectrolyte concentration in the solution of ca. 0.5 g/dm'. The dependence of PMAA adsorption on the titanium dioxide content in the adsorption system has been studied only in the saturation range, viz. at a polyelectrolyte concentration in the solution of 2.5 g/dm'. The results obtained in this case are presented in Figure 4 and indicate that the extent of adsorption decreased with increasing adsorbent content in the system. This decrease in adsorption may be explained by 
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Polyacid concentration, C, (g/dm 3 ) Figure 6 . Plots of the riO,-1 particle radius (r) versus the polymethacrylic acid concentration (C/ curve I, PMAA-IO; curve 2. PMAA-120. In both cases. the adsorbent content was 5 g/dm'. a decrease in the adsorbent surface available for macromolecules. By extrapolation of the trends obtained to zero concentration of the solid phase, it is possible to estimate the maximum adsorption value A o ' For PMAA-250, PMAA-120 and PMAA-50 on titanium dioxide with a modified surface, i.e. Ti0 2-2, this value was equal to 30 mg/g, 36 mg/g and 62 mg/g, respectively. As the molecular weight of polymethacrylic acid increased, the extent of its adsorption on titanium dioxide Ti0 2 -2 decreased. Analogous results were obtained for adsorption on the other sample of titanium dioxide studied (Ti0 2-1), where the maximum adsorption value was 32 mg/g for PMAA-I 0 and 27 mg/g for PMAA-120 (Figure 4 ). The dependence of polymethacrylic acid adsorption on the degree of neutralization, o; of the carboxylic group is depicted in Figure 5 . As the neutralization degree of the macromolecules increased, the extent of adsorption greatly decreased. The value of the maximum adsorption also changed, being equal to 30 mg/g and 26 mg/g for PMAA-lO and PMAA-120, respectively, at <X = 0.4.
For adsorption systems involving titanium dioxide Ti0 2-1, the most probable radius of the particles as found from sedimentation analysis has been employed to evaluate the aggregation stability of the suspensions. The dependence of the particle radius on the polymethacrylic acid concentration is shown in Figure 6 . Intensive aggregation of the particles occurred when no polyelectrolyte was present in the system, sedimentation analysis giving a radius of 6.8 um for the particles present. On introduction of polyelectrolyte into the system, the radius of the particles decreased sharply and reached a minimum in the concentration region C p = 0.01-0.05 g/dm' and C p = 0.05-0.01 g/dm' for PMAA-I 0 and PMAA-120, respectively. The radius slowly increased at higher concentrations.
The radius of the particles decreased somewhat when the degree of neutralization increased, where it started to grow for PMAA-120 and then remained almost constant at degrees of neutralization greater than 0.4 (Figure 7 ). It will be noted that the particle radius in the presence ofPMAA-IO was always smaller than when PMAA-120 was added to the system. content in the system. In this case, addition of PMAA-I 0 gave a particle radius which was practically independent of the adsorbent content in the system, while the particle radius increased with increasing adsorbent content when the solutions contained partially neutralized PMAA-120.
DISCUSSION
A combined study ofpolymethacrylic acid adsorption and of aggregation stability in aqueous suspensions of titanium dioxide enables the role of the polyelectrolyte in the system to be investigated. Let us consider the results obtained within the framework of the scheme proposed for the adsorption volume decrease of a single dispersed particle. If one assumes that the structure of the adsorption layer is independent of the adsorbent concentration, it may be assumed that the ratio of the adsorption value Am at a given concentration of an adsorbent to the adsorption value found on extrapolation to zero content of adsorbent, A o ' is related to the decrease in the adsorption volume in the following manner:
( 3) where VjN O =V.N o or V/Yo (depending on the scheme being considered) and k is the mean number of contacts of a particle. Since the number of contacts between the particles can change with an increase in the adsorbent content in the system, the dependence of I -kYiN0 on the number of contacts between particles at different ratios hlr and the dependence of Am/A o on the solid phase content are given in 
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Adsorbent concentration, C a (g/dm 3 ) Figure 10 . Plots of the value of Am/A o versus the adsorbent concentration in the system (C.): curve 1, PMAA-50rri0 2-2; curve 2. PMAA-120fTi0 2-2: curve 3. PMAA-250fTi0 2-2; curve 4. PMAA-lOfTi0 2-1; curve 5. PMAA-120fTi0 2 -1.
predicted by Scheme I (Figure 3 ) is possible at low concentration of the adsorbent, but when the concentration of the adsorbent increases, the decrease in adsorption volume predicted by Scheme 1 does not match the values obtained experimentally. The contribution of Scheme 2 in the overall adsorption decrease increases with adsorbent concentration.
It is interesting to estimate the mean number of contacts between aggregates formed by the mechanism of incomplete redispersion, as shown in Scheme 2. Inserting equation (2) in equation (3), one can write:
As the equation contains two unknowns, i.e. the mean number of contacts k and the ratio of adsorption layer thickness to the particle radius h/r, the exact value of the unknowns cannot be found and only their variation region can be estimated. If one assumes that the adsorption layer thickness for the molecular weights employed can lie within the limits of 10-50 nm (Kawaguchi and Takahashi 1992) , than the ration h/r can lie within the limits of 0.1-0.5. The mean number of contacts for one particle in aggregates can be estimated from the known experimental values of Am/A o and acceptable values ofhlr. The results thereby obtained for PMAA-120 on Ti0 2-2 are presented in Figure 11 and are seen to lie within acceptable limits. _ When the degree of neutralization increases, the adsorption value decreases ( Figure 5 ). This decrease can be due to changes in the effective volume, the charge on the macromolecules and that Similarly, the effective charge on the macromolecules increases gradually up to complete neutralization of the polyacid (Yaremko et at. 1998) , while the charge on the titanium dioxide surface also increases as the system moves further from the point of zero charge which leads to an unambiguous decrease in the adsorption value. Figure 6 demonstrates that the maximum aggregation stability of suspensions of titanium dioxide with an unmodified surface (TiO,-I) occurs at concentrations which are much lower than the concentration necessary for adsorption saturation. This leads to the assumption that the electrostatic component of the separating pressure plays a major role in the stabilization of the suspensions under investigation. This component of the separating pressure can arise as a result of a shift in the equilibrium between dissociated titanium dioxide surface groups and the carboxylic groups of the macromolecules. Such an equilibrium shift occurs at low concentrations of polymethacrylic acid and a further increase in macromolecule adsorption has no significant effect upon it. This assumption is supported by the dependence of the~-potential of titanium dioxide particles on the polyelectrolyte concentration in the solution (Figure 12 ). The~-potential of the particles in aqueous suspensions of TiO,-1 is very small because the system is near the point of zero charge. At PMAA concentrations of 0.01-0.1 g/dm', the~-potential increases greatly to ensure the aggregation stability of the suspensions. Although the~-potential of the particles somewhat decreases at higher concentrations of the polyacid, the aggregation stability changes very little. This can be explained by the fact that the potential plane of the diffusion component of the electrical double layer moves towards the bulk of the solution when polyelectrolyte adsorption occurs on a similarly charged surface, thereby favouring stabilization of the suspension (Soltys et at. 1981) .
To confirm the above conclusions, the interaction energy between the titanium dioxide particles has been calculated on the basis of DLVO theory. Since the polymer adsorption layer changes both where a is the radius of the particles, H is the shortest distance between the particle surfaces, 0 is the adsorption layer thickness, and A 121 , Am and Am are, respectively, the constants for dispersion interaction of solid particles I with adsorption layers 2, of adsorption layers 2 with the dispersion medium 3 and of solid particles I with the dispersion medium 3 through adsorption layers 2. For the calculation of the charged particle repulsion energy, the following relationship has been employed (Dukhin et al. 1970) :
where ££0 is the dielectric permittivity of the medium, k is the Boltzmann constant, T is the temperature, e is the electronic charge, z is a counterion valency and cD and lC are the potential and reciprocal thickness of the electrical double layer, respectively. For polyelectrolyte adsorption on a similarly charged surface, it may be assumed as a first approximation that the potential plane of the diffusion part of an electrical double layer moves towards the bulk of the solution at a distance equal to the adsorption layer thickness. The electrostatic interaction can then be calculated with the aid of equation (6) if one uses H' = H -20 instead of H (Soltys et al. 1981) .
The particle radius a was taken as 0.45 11m and the molecular interaction constants Am =10 kT, . Figure 13 from which it is seen that at a particle potential of 5 mV, i.e. no polyelectrolyte present in the system, there is no energy barrier on the energy interaction curve which results in the intense aggregation of the Ti0 2-1 particles. At electrical double layer potentials of 50 mV to 100 mY, a higher energy barrier Vm../kT and a shallow secondary minimum VminlkT occur over a wide range of adsorption layer thickness, S, and of the electrical double layer parameter, K.
CONCLUSIONS
The following conclusions may be drawn from the results described:
I. The decrease in polymer adsorption with dispersed adsorbent content in the system is due to a decrease in the surface available for macromolecular adsorption. This decrease in the available surface can occur by two mechanisms: (a) as a result of aggregation of the adsorbent particles partially covered with macromolecules and (b) as a result of incomplete redispersion of the adsorbent particles during the adsorption experiment. The decrease in PMAA adsorption observed occurred via both mechanisms on both samples of titanium dioxide studied, but the contribution of the second mechanism increased with adsorbent concentration and was greater for TiO,-2 than for TiO,-l. 2. With increasing degree of neutralization of the macromolecules, the extent of polyacid adsorption on titanium dioxide Ti0 2-1 with an unmodified surface decreased. This effect is the result of increases in the effective volume of the macromolecules and of their charge due to the partial neutralization of the macromolecules and the increase in the surface charge of the titanium dioxide particles due the increase in the pH of the medium. 3. The maximum stability of suspensions of titanium dioxide Ti0 2-1 with an unmodified surface occurred at much lower concentrations than that for adsorption saturation. With further increases in the polyelectrolyte concentration, the stability of the system did not change significantly.
The maximum suspension stability may be related to the~-potential value of the particles, with the shift in the plane of the diffusion part of the electrical double layer in the bulk of the solution ensuring stability of the suspensions at higher polyelectrolyte concentrations.
